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Abstract

This work investigates the sorption of heavy metals by low-cost, byproducts such as charcoal
fines (CF), waste green sand (WGS), and rice husk ash (RHA), in order to examine the
feasibility of their use as alternative filter materials for metal-contaminated waters. The
sorption of Cd, Cu, Pb, and Zn was investigated in batch experiments and sorption isotherms
were constructed. The three byproducts showed high metal removal efficiencies (>95%,
regardless of the metal concentration tested). The highest metal sorption distribution
coefficients were obtained for CF, with maximum values within the 10°-10° L kg™ range for all
the target metals. The sorption isotherms were satisfactorily fitted using the Freundlich
eguation and a linear model, the latter only being valid for initial metal concentrations lower
than 0.4 mmol L. Sorption reversibility was very low, with desorption yields lower than 2%
and desorption distribution coefficients often higher than 10° L kg™. The values of the
sorption and desorption parameters indicated that the use of these materials, especially
charcoal fines, could constitute a low-cost alternative for the remediation of contaminated

waters.
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Introduction

Aqueous effluents rich in heavy metals are produced by many industries in the metallurgical,
automobile, petroleum refining, pulp and paper, and mining sectors [1]. The entry of such
effluents in water bodies increases the risk of heavy metal concentrations in drinking water
and groundwater exceeding regulatory thresholds, representing a challenging problem for
human health and environmental management.

Various treatments can be applied to contaminated waters, although some have serious
limitations. The use of ion exchange resins is expensive and requires resin regeneration,
while chemical precipitation can be inefficient for low metal concentrations [2]. Hence,
treatments based on the use of sorbent materials are attractive for the removal of metals
present in contaminated wastewaters [2,3]. Nonetheless, materials such as activated carbon
have high associated costs and are liable to loss of efficiency after regeneration processes.
As an alternative, previous studies have reported the use of non-hazardous industrial and
natural waste products for pollution control. For instance, metal removal by sorption onto
chitosan, egg shell, potassium humate, and sugar beet lime was shown to vary in the range
60-100% for Cd, Cu, and Zn during the treatment of metal-contaminated wastewater [4].
Other wastes, such as fly ash, granular blast furnace slag, pyritic fill, and Al waste from
manufacturing processes showed much higher efficiencies for the sorption of Cu from
agueous solution, compared to granular activated carbon [5].

In this work, we examine the metal sorption capacity of three materials that are receiving
increasing attention for the treatment of metal-contaminated waters: rice husk ash, waste
green sand, and charcoal fines. Rice husk ash (RHA) is a byproduct generated from grain
processing [6] and consists mainly of amorphous silica. The low price and richness in silica
of RHA has attracted much attention for its application in engineering materials, as well as in
sorption processes for the removal of inorganic and organic contaminants [7]. Previous
studies have revealed the potential of this material for the removal of Cd, Ni, Pb, and Zn from

contaminated waters [6,8].



Waste green sand (WGS) is a solid waste generated after use of the sand to form molds for
ferrous castings [9]. It consists of a blend of naturally occurring materials including silica sand
(85-95%), bentonite clay (4-10%), and a carbonaceous additive (2-10%).Preliminary results
have shown the efficiency of this waste material in reducing the Zn content of water when
used as a sorbent in permeable reactive barriers [10], although it has not yet been tested for
other heavy metals. The valorization of this waste is reduced at present, as for instance,
approximately two million tons/year of WGS are sent to landfill in Brazil [11].

Charcoal fines (CF) are one of the main byproducts of the metallurgical industry, for which
they are unsuitable for use because its small particle size (below 9.5 mm) causes clogging of
gas passages, hence decreasing the efficiency of blast furnaces [12]. However, the use of
CF as a metal sorbent can be a strategy for valorization of this waste. Preliminary studies
with oxidized CF materials have indicated their high sorption capacity for V and Cu [12], but
new studies are required to examine the sorption capacity of this material for other heavy
metals.

In order to suggest efficient materials for the treatment of metal-contaminated waters, the
present work examines the sorption of a set of metals by the WGS, CF, and RHA materials.
Sorption efficiencies were evaluated in terms of the solid-liquid distribution coefficients and
the rates of removal of the metals from contaminated waters. Sorption mechanisms were
also proposed from the sorption data obtained using different initial metal concentrations.
Finally, the sorption reversibility was also investigated in all the materials, which is
supplementary information not yet considered in previous studies, especially for the CF and

WGS byproducts.

Materials and Methods

Byproduct materials

The three byproducts investigated were:

- Rice husk ash (RHA), originating from the Arroz Urbano processing plant in Santa Catarina

State, Brazil.



- Waste green sand (WGS), collected from the Tupy foundry in Santa Catarina State, Brazil.

- Charcoal fines (CF), originating from lIrati, a Brazilian metallurgical company.

Determination of the main characteristics and structural analyses of the byproducts
The pH was measured in 1:10 (solid:water ratio) suspensions. Moisture contents were
determined by drying portions of the materials at 105 °C. The cation exchange capacity
(CEC) of the CF and WGS materials were determined as described by Chapman [13], with
the sorption complex saturated with Na. Due to the low CEC of RHA, it was quantified by the
method described by Thomas [14], which includes a saturation step with protons. Loss on
ignition (LOI) was determined by heating at 450 °C during 4 h. Total carbon, total nitrogen,
and total organic carbon (TOC) were measured by elemental analysis (EA-1108, CE
Instruments, Thermo Fisher Scientific). To determine the dissolved organic carbon (DOC)
content 50 mL of Milli-Q water was added to 2 g of the material, the resulting suspension
was shaken end-over-end for 30 min and the liquid phase was separated by centrifugation.
The supernatant was filtered, acidified to pH 2, and the DOC concentration was determined
using a total organic carbon analyzer (TOC-5000, Shimadzu).

Humic and fulvic acid contents (HA and FA, respectively) were determined in the solutions
obtained by extraction at alkaline pH [15]. The total organic carbon in the extract was
obtained by oxidation with potassium dichromate. An aliquot of the extract was acidified to
pH 1 to precipitate the HA, which was then separated and dissolved in an alkaline medium.
Finally, the total organic carbon associated with the HA fraction was determined in the
resulting supernatant by oxidation of organic carbon with potassium dichromate. The FA
content was calculated as the difference between the total organic carbon in the initial extract

and in the HA extract.

The neutralization capacity of the samples was investigated using the CEN/TS 15364 pH
titration test [16]. Firstly, the initial pH of each sample (2 g) was measured in deionized water

(200 mL). The pH of the suspension was then measured after consecutive additions of 100



pL of HNO3; or NaOH after 20 min of stirring following each addition. The acid and base
addition was repeated until the range pH 2-12 was covered. The acid neutralization capacity
(ANC) of the byproducts, which is an estimation of the buffering capacity with respect to
external acidic stresses, was quantified form the neutralization curve as the quantity of acid
or base (meq kg™) required to shift the initial pH of the sample to pH 4.

The specific surface area (SSA) of the materials was determined by N, adsorption
measurements in liquid nitrogen, using a Micromeritics ASAP 2010 instrument. Before
analysis, the samples were degassed for 2 h at 150 °C, under vacuum.

The total contents of major and trace elements (Si, Al, Ca, Mg, Fe, Mn, K, P, As, Cd, Cr, Cu,
Ni, Pb, and Zn) were determined using the modified USEPA Method 3052 [17]. 0.3 g of
sample was weighed in a PTFE vessel, followed by addition of 6 mL of HNO; (69%), 1.5 mL
of H,O, (30%), and 2 mL of HF (40%). The temperature was increased to 190°C over 15 min,
followed by a dwell time of 30 min. After cooling, 16 mL of 5% H3;BO; was added to re-
dissolve the fluoride precipitates, and the same temperature program was applied. After
cooling the extracts to room temperature, they were diluted with Milli-Q water to final volumes
of 50 mL and stored at 4 °C prior to analysis by inductively coupled plasma optical emission
spectrometry (ICP-OES) and inductively coupled plasma mass spectrometry (ICP-MS).

The water-soluble metal contents were quantified at a liquid/solid ratio of 25 mL g™ by end-
over-end shaking weighed amounts of the materials (3 g) in Milli-Q water for 16 h at room
temperature. The concentrations of the elements in the extracts were subsequently

determined by ICP-OES and ICP-MS.

Structural analyses were performed by X-ray diffraction (XRD), using a Shimadzu XRD-6000
instrument operated at 40 kV and 30 mA, with Ni-filtered Cu K, radiation. Diffractograms
were obtained from 10 to 80° (26), with a scan step of 2° min™. The XRD patterns were
interpreted with the aid of Philips X'Pert HighScore software, by comparison with reference

standards from the International Centre for Diffraction Data (ICDD). Diffuse reflectance



infrared Fourier transform (DRIFT) spectra of the samples were also recorded, using a Bio-

Rad FTS 3500 GX spectrometer and averaging 32 scans (resolution + 4 cm™).

Sorption and desorption tests

The sorption capacity of the materials was evaluated by batch sorption tests. Single Cd, Cu,
Pb, or Zn solutions were prepared by dissolving weighed amounts of Cd(NO3),-4H,0,
Cu(NO:s),-3H,0, Pb(NO3),, or Zn(NOs),-4H,0O (Merck, Pro-Analysis) in a suitable volume of
Milli-Q water to achieve a metal concentration of 200 mmol L™, 45 mL of Milli-Q water was
added to material subsamples of 2 g and the resulting suspensions were end-over-end
shaken for 16 h in 80-mL polypropylene tube. Suitable volumes of the corresponding metal
solution were then added to have initial metal concentrations within the 0.05-5 mmol L™
range (using a minimum of seven different concentrations), adjusting the final volume to 50
mL. For CF-Pb and CF-Cu, the initial metal concentration range was 1-15 mmol L™, due to
the high sorption capacity of the CF material. The resulting suspensions were subsequently
shaken for 24 h. The solid and liquid phases were then separated by centrifugation at 15,000
rpm for 10 min, the solutions were filtered through 0.45 um Millipore filters, and the filtered
supernatants were acidified to pH <2 with concentrated HNO; and kept at 4 °C until analysis
by ICP-OES and ICP-MS.

The same batch conditions were applied in parallel to control soil samples, without the
presence of the metal, which allowed us to evaluate possible changes of pH and major

cations (Ca and K) in the contact solutions during the heavy metal sorption process.

The byproduct residues derived from selected sorption scenarios (specifically those at 0.025,
0.10, 0.30, and 1.75 mmol L initial metal concentrations) were dried at 105 °C for 48 h. 50
mL of Milli-Q water were added, and the resulting suspension was end-over-end shaken for
24 h. The solid and liquid phases were separated by centrifugation at 15,000 rpm for 10 min,
and the resulting solution was filtered through a 0.45 pym Millipore filter and treated as

described for the sorption test.



Determination of major and trace elements in the solutions

The major and trace elements were determined in the aqueous extracts and in the solutions
obtained from the sorption and desorption experiments, using a Perkin-ElImer OPTIMA
3200RL ICP-OES equipped with a Perkin-Elmer AS-90 Plus autosampler. This equipment
consisted of a radiofrequency source (operating at 1150 W and a frequency of 40 MHz), a
cross-flow nebulizer, and an SCD (segmented-array charge coupled device) detector. The
following emission lines (nm) were used for each element determined: Cd, 214.440 and
228.802; Cr, 267.716; Cu, 324.752 and 327.393; Ni, 231.604; Pb, 220.353; Zn, 206.200 and
213.857; As, 188.979 and 193.696; Ca, 315.887 and 317.933; Mg, 279.077 and 285.213; K,
766.490; P, 178.221 and 213.617; Si, 288.158; Fe, 259.939; Al, 308.215; and Mn 259.372.
The detection limits of the ICP-OES technique were: 0.01 mg L™ (Cd, Cu, Fe, Mn); 0.025 mg
L™ (Cr, Zn); 0.05 mg L™ (Al, Si); 0.1 mg L™ (Ca, Mg, Ni); 0.2 mg L™ (Pb); 0.5 mg L™ (As, P); 1
mg L™ (K).

A Perkin-Elmer ELAN 6000 inductively coupled plasma mass spectrometer (ICP-MS),
equipped with a PerkinElmer AS-91 autosampler, was used for the lowest trace element
concentrations. Several element isotopes (**'Cd, **2Cd, and **Cd; ®*Cu and %°Cu; *®Pb;
®Z7n, %zn, and %®Zn; As; and ®Ni and ®’Ni) were measured to detect and control for
possible isobaric or polyatomic interferences. To correct for instabilities in the ICP-MS
measurements, °*Rh was used in all the samples as an internal standard, at a concentration
of 200 pg L™. The detection limits of the ICP-MS procedure were: 0.02 ug L™ (Cd); 0.05 ug L’

L (Pb); 0.1 ug L™* (Cu); 0.2 ug L™ (As, Ni, Zn).

Data evaluation
Based on the initial metal concentration (C;, mmol L‘l), the concentration in the supernatant
after the sorption experiment (C¢q, mmol L™, and the concentration in the supernatant after

the desorption experiment (Ceqqes Mmol L), the following parameters were calculated:



a) Sorption distribution coefficient (Kq, L kg™) (Eq. 1):

__ Csorb __ [(Ci—Ceq) x V]/m
Ceq Ceq

Kq (1)

where Cqor, (mmol kg™?) is the concentration in the solid phase after the sorption experiment,

V (in L) is the liquid phase volume and m (in kg) is the material weight;

b) Removal rate from solution (R, %) (Eq. 2):

_ (Ci—Cegq) X 100

R < @
1
c) Desorption distribution coefficient (Kqges, L kg™) (Eq. 3):
_ [(Ci_ceq) X V+ Ceq X Vsol,rem —Ceg,des X Vsol]/mdes
Kd,des - (3)

Ceq,des

where Vgorem (in L) is the volume of solution that remained in the material after the sorption

test, and myes (in kg) is the dry mass of material remaining in the tube after the sorption test.

d) Desorption rate (Rges, %) (EQ. 4):

Cequdes X V X 100
(Ci—Ceq) XV + Ceq X Vsolrem

Rges = (4)

Sorption isotherms and modeling
The experimental sorption isotherms were fitted using Freundlich and linear equations. The
Freundlich sorption model describes the equilibrium on heterogeneous surfaces, without
assuming monolayer coverage, and is given by:

Csorb = KrCeq (5)
where C¢q (mmol L'l) is the concentration in the solution; Cso, (MMol kg'l) is the metal sorbed
at equilibrium; K is the Freundlich constant, describing the partitioning of the solute between

the solid and liquid phases; and the parameter N provides information about the



heterogeneity of the sorption sites and indicates the degree of linearity of the sorption

isotherm.

Results and Discussion

Characterization of byproducts

Table 1 summarizes the main characteristics of the byproducts. The three materials showed
basic pH (especially RHA) and low CEC values. A high LOI value for the CF material
confirmed its high organic matter content, in agreement with its high C (%) value. On the
other hand, the RHA and WGS byproducts were essentially inorganic, according to their low
LOI values and low contents of TOC and C. The CF byproduct presented the highest SSA,
while the value for RHA was lower than that previously reported for a similar material [8], and
the SSA for WGS was similar to that reported by [9].

The ANC was low for all the samples, despite their initial alkaline pH. The values were lower
than those reported for other industrial waste byproducts such as sugar foam, bentonites, fly
ash, zeolites, and silicates [18]. The ANC sequence of values agreed with that of the TOC
content, and their low values were also in agreement with the low CEC values and the low
HA and FA contents [19].

In terms of the major elements, it can be highlighted the high total content and water-soluble
fractions of K in CF (and to a lesser extent in RHA), as well as the high P content of RHA,
which also presented the highest water-soluble P content of the materials tested. Finally, the
Fe content was highest in CF, followed by WGS, in agreement with their origins.

The low concentrations of the water-soluble fractions of the trace elements in the materials
indicated that the contribution of the original heavy metals in the sorption experiments could
be considered negligible.

The DRIFT spectra of CF, RHA, and WGS are shown in Figure 1a.The peak at around 1100
cm ™ was more intense for the RHA and WGS byproducts, and was attributed to functional
groups responsible for the CEC of the materials (Si-O-Si and -C-O-H stretching, and -OH

deformation) [8]. The CF spectrum indicated the presence of a greater number of functional



groups that could play a role in metal sorption, with a prominent band at 1600 cm™ that was
assigned to stretching of C=C or C=0 in aromatic rings [12]. A peak at 1375 cm™ was due to
bending of phenol -OH [20], and a peak at 1400-1420 cm™ was attributed to symmetric C=0O
stretching.

Figure 1b shows the XRD patterns of the byproducts. CF presented an amorphous phase
centered at 25°, probably associated with the amorphous structure of carbon [21]. In
agreement with the DRIFT analyses, the presence of quartz impurities was noticed. The
RHA material showed the presence of cristobalite (SiO,), a quartz polymorph [8]. The main
crystalline phase in WGS was quartz, with a small proportion of montmorillonite, in

agreement with the use of bentonite in the preparation of the material.

Metal sorption isotherms

Description of the sorption isotherms and derived sorption parameters

Figure 2 shows the Cs, VS. Ceq sorption isotherms for all the metal/byproduct combinations
investigated. The isotherms generally followed a similar pattern, and could be classified as
high-affinity (H-type) isotherms, reflecting higher affinity of the materials for the metals at low
metal concentrations (C; < 0.4 mmol L™) , with the affinity decreasing at higher initial metal
concentrations [22]. The isotherms were consistent with the low DOC contents of the
materials, so no effects of competitive sorption between functional groups of the solid phase
and soluble organic matter were expected at low metal concentrations [23]. Isotherm pattern
was also consistent with the presence of high-affinity sites for heavy metals at initial metal
concentrations below 0.4 mmol L™. Thus, the presence of silicates and clay phases in RHA
and WGS and the presence of organic functional groups in CF might be responsible for the
formation of inner-sphere surface complexes that have strong affinity for heavy metals at low
metal loadings.

Table 2 shows the minimum (K min) @and maximum (Ky max) distribution coefficient values for
all the metal/byproduct combinations investigated. As expected for H-type isotherms, the

differences between Ky max and Ky min Were of at least one order of magnitude, and for the CF
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byproduct often exceeded three orders of magnitude. Considering the Ky max data, the CF
material showed the highest affinity for the metals studied, with values within the range 10°-
10° L kg™, followed by RHA (for Cu, Pb, and Zn) and WGS (for Cd). The removal rates
derived from Kg min (Rmin) and Kgmax (Rmax) @lways exceeded 95%, confirming the efficiency of
the byproducts for the treatment of metal-contaminated waters.

The Ky values obtained for the CF material were generally higher than the range of values
reported in the literature for other byproducts such as chitosan, egg shell, sugar beet lime,
and biochars [24,25]. For the RHA material, the K4 values obtained here were close to or
higher than those reported in other studies with rice husk derived materials [6,26]. In
contrast, the values obtained here for WGS were much higher than those reported,
especially for Zn [10], probably due to the higher pH of the sorption experiments in the
present work. The high metal affinity observed for the CF material could be explained by its
high pH, its highest specific surface area among the materials tested here, and a significant
presence of organic carbon, similar to that in biochars [24], and thus of surface functional
groups, as observed in the DRIFT analyses. This is in agreement with previous studies that
have reported the strong binding of metals such as Cu and Pb with coal-based sorbents, due
to the abundance of surface functional groups including phenolic and carboxylic species

[27,28].

Fitting of sorption isotherms

The experimental sorption data were first fitted using the Freundlich model. The resulting
parameters (N and Kg) are given in Table 2, and Figure 2 displays the fitted curves of the
sorption isotherms. The Freundlich fitting provided an excellent description of the sorption,
with correlation coefficients exceeding 0.93. The values of the N parameter were lower than
1 in all cases, in agreement with the observed isotherm pattern. As C., was below 1 mmol L™
in all cases, the Kgvalues were the result of an extrapolation to higher Coq and were

systematically lower than Kg min.
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Since K¢ values are only fully comparable when they are associated with similar N values
[29], two additional sorption parameters at the low concentration range were calculated in
order to enhance comparisons among the metal/byproduct scenarios investigated. On one
side, Kg rreundicn Was calculated at Ceq of 0.0002 mmol L™, a metal concentration that could be
of environmental relevance and is within the range of maximum metal concentration
thresholds often established for drinking water (between 4x10° and 0.08 mmol L?,
depending on the metal considered) [30]. On the other hand, K near Values were derived
from the slope of the linear regressions in the region of low initial metal concentration (always
lower than 0.4 mmol L'l). Values of Kg rreundich @nd Ky inear @re also included in Table 2. An
excellent correlation was obtained between the Kgrreundicn aNd Kg jinear Values (R2 =0.97). The
Ka Ereundiich @and Kginear parameters also correlated well with Ky max (R? = 0.98 and R? = 0.99,
respectively). This indicated that both Kg rreungicn (Calculated at a low metal concentration) and
Kaiinear Satisfactorily described the sorption capacities of the byproducts. The parameter
values confirmed that the CF material had the greatest sorption capacity for the metals

present at concentrations of environmental interest.

Sorption mechanisms

Changes in pH and in the concentrations of Ca, Mg, and K in the contact solutions after
metal sorption were recorded in selected cases (experiments with metal C; of 0.1, 1, and 5
mmol L) to further understand the mechanisms of sorption of the metals by the byproducts.
Results are summarized in Table 3. An increase in the initial metal concentration generally
led to a decrease in the pH of the equilibrium solution, compared to the control scenario
without addition of the metal. For several metal/byproduct combinations, the difference
ranged from tenths of a pH unit (for the lowest metal concentration) to nearly four pH units
(for the highest metal concentration, especially in the case of the RHA material).

In addition, there was a general increase in the Ca+Mg and K concentrations in the final
contact solutions as the initial metal concentration increased, which could be explained by a
displacement of these cations from the solid phase due to ionic exchange-based heavy metal

12



sorption. In contrast, changes in the Ca+Mg concentration were often minor or even
negligible for initial metal concentrations of 0.1 mmol L™, especially for the RHA and WGS
materials, and for Cd with CF, indicating a minor contribution of the ionic exchange process
in the metal sorption, with Ca+Mg and K concentrations similar to those in the control
solutions. For the WGS material with a low initial K concentration in the solution, there was
no observable effect for this cation. These results were in agreement with those reported
previously for other materials, indicating an increasing role of the ionic exchange when
increasing the metal initial concentration [31,32]. Thus, these data supported the role of
cationic exchange as the predominant sorption mechanism at high metal loadings, together
with a contribution from the formation of inner-sphere surface complexes at low metal
concentrations [31,33]. This was also in agreement with the presence of functional groups in
the byproducts that could interact with heavy metals by means of ionic exchange
mechanisms [25,31]. However, additional mechanisms cannot be discarded at high initial
metal concentrations, as for initial metal concentration of 5 mmol L™ the ratio between the
amount of sorbed metal and the net increase in the concentrations of Ca+Mg and K released
to the solution increased to values much higher than 1 for the RHA and WGS materials,
suggesting the possible existence of other sorption mechanisms, such as precipitation
[23,31]. In fact, previous studies have indicated that Zn precipitation could contribute its

sorption by WGS [10].

Evaluation of sorption reversibility

The results of the desorption tests permitted the calculation of the desorption solid-liquid
distribution coefficient (K4 ges) @and the desorption yield (Rges) (Table 4). The Ky qes Values were
systematically higher than the corresponding Ky values, exceeding 10° L kg™ in all cases,
confirming that the sorption was essentially irreversible. The minimum desorption yields
(Raes,mins %0) generally corresponded to the scenario in which the sorption test had been
carried out with the lowest initial metal concentration, with all values below 2%, whereas the
desorption yields increased up to 6% (Rgesmax, %0) for the scenarios derived from sorption at
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the highest C;. The low metal leaching agreed with reported values for C-based sorbents. For
instance, desorption yields below 4% were obtained for a coal (oxihumolite) sorbent [27],
whereas desorption yields below 5% were reported for Cd and Zn, using similar rice husk
derived materials [26].

It is difficult to predict desorption data from sorption parameters. However, for all the
materials, an inverse relation was generally observed between the desorption yields and the
Kq values for a given metal, as illustrated in Figure 3 for Cd and Zn. An explanation is that at
low concentrations the sorption occurred at specific sites, with low sorption reversibility, while
at higher concentrations the metal was mainly sorbed at low-affinity sites, with higher
sorption reversibility. Therefore, at low metal concentrations that are more representative of
environmental scenarios, metal sorption by the byproducts studied here was characterized

not only by a relatively high Kq, but also by low sorption reversibility.

Conclusions

Characterization of metal sorption and desorption using three low-cost sorbents derived from
non-hazardous wastes (rice husk ash, waste green sand and charcoal fines) indicated their
suitability as cost-effective materials for the removal of heavy metals from contaminated
waters, providing removal rates exceeding 99.9% at low metal concentrations. Among the
materials tested, the charcoal fines presented the highest metal sorption capacity, with Ky
values sufficiently high that the material could even be considered as a candidate for soll
remediation.

Desorption tests showed that in most cases, the heavy metals were strongly retained on the
sorbents, minimizing risks of their subsequent mobilization into the environment, as high

sorption Ky values were combined with low sorption reversibility.
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Table 1. Main characteristics of the byproducts

Parameter CF RHA WGS
pH 8.0 9.3 7.8
Moisture content (%) 5.0 0.5 1.5
CEC (cmol.kg™) 3.0 2.5 5.0
LOI (%) 80 5.0 5.0
TOC (%) 30 25 15
DOC (g kg™ 0.6 0.7 0.7
HA (%) 0.6 <0.5 <0.5
FA (%) 3 <0.5 1.0
C (%) 35 3.0 2.0
N (%) 1 <lqg. 0.1
H (%) 3.5 0.06 0.1
ANC (meq kg™ 535 175 150
SSA (m*g™h) 20 10.5 2.5
Major and trace elements (mg kg™)
Si TC 37660 429140 247550
Al TC 145 730 71130
Ca TC 17400 5260 1290
WS 165 45 40
Mg TC 3910 3090 2010
WS 85 110 60
Fe TC 14560 660 5400
WS 15 5 120
Mn TC 1215 1825 80
WS 2 23 2
K TC 6895 12595 7720
WS 2075 1685 47
P TC 1115 3165 220
WS 25 575 5
Pb TC 15 145 10
WS 0.01 0.01 0.08
Zn TC 75 55 45
WS 0.1 0.1 15
Cd TC 0.5 3.5 1.0
WS 0.001 0.005 0.050
Ni TC 130 10 10
WS 0.01 0.01 0.01
Cu TC 34 10 8
WS 0.05 0.02 0.20
As TC 1.0 30 1.0
WS 0.02 0.20 0.07
Cr TC 8 10 175
WS <l.g. <l.g. <l.g.

CF — Charcoal fines, RHA — Rice husk ash, WGS — Waste green sand.
LOI — Loss on ignition, TOC — Total organic carbon, CEC — Cation exchange capacity, DOC — Dissolved organic
carbon, HA — Humic acid, FA — Fulvic acid, ANC — Acid neutralization capacity.

TC — Total content; WS — water-soluble.
<l.g. — Lower than the limit of quantification.

19



Table 2. Sorption parameters of the byproducts tested, and fitting parameters derived from

the Freundlich equation

2

Material Metal Kymin  Kdamax  Rmin  Rmax  Ke N Ka Freundiich” K Linear
(Lkg") (Lkg?) (%) (%)

CF Cd 9695 320320 99.8 99.9 680 0.39 123250 181250
Cu 2040 648730 98.8 99.9 555 0.23 400945 456460
Pb 8635 >10° 99.7 999 760 0.21 633800 583225
Zn 8290 266290 99.7 99.9 615 0.38 115475 151450

RHA Cd 630 4850 97.7 99.5 285 0.52 16935 4970
Cu 595 17815 96.0 99.9 270 0.51 18030 11770
Pb 755 20930 96.8 99.9 265 0.43 34695 11590
Zn 640 16060 96.3 99.8 290 0.54 14600 12125

WGS Cd 570 11910 95.8 99.8 335 0.68 5145 8070
Cu 525 6590 95,5 99.6 320 0.68 4745 6275
Pb 1070 16195 974 99.8 465 0.63 10635 7320
Zn 575 6840 959 996 320 0.64 6620 7420

CF - Charcoal fines, RHA — Rice husk ash, WGS — Waste green sand.

*K 4 Freundiich Was calculated at Ceq = 0.0002 mmol L™

2Kd,unea, was calculated for the linear region at low initial metal concentration (C; < 0.4 mM).
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Table 3. Cations release following Cd, Cu, Pb, and Zn sorption onto the byproducts,

comparing control scenarios (C; = 0) and metal C; of 0.1, 1, and 5 mmol L™

Control Cd Cu Pb Zn
G 0 011 5 011 5 011 5 011 5
CF CatMg 8 9 26 113 26 32 116 17 24 106 11 26 111
K 53 61 71 89 73 76 94 63 76 98 62 72 95
pH 8.1 7.7 75 7.3 7.2 7.7 6.6 7.8 74 7.2 76 75 7.0
RHA Ca+Mg 6 7 8 13 8 10 15 8 7 19 8 8 12
K 43 50 50 52 48 55 55 45 48 55 47 49 53
pH 9.3 9.7 8.7 6.6 9.3 75 5.0 9.2 8.2 5.0 93 7.2 59
WGS Ca+Mg 3 2 8 17 10 9 17 2 8 13 2 7 17
K 1 1 1 2 2 1 2 1 2 1 1 1 2
pH 7.8 7.1 6.1 6.8 4.1 49 5.0 6.6 5.8 4.9 7.3 6.3 59

CF — Charcoal fines, RHA — Rice husk ash, WGS — Waste green sand.
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Table 4. Desorption yields (Rges, %) for different metal/byproduct combinations

Metal Rges (%) CF RHA WGS
Cd Rgesmin 0.1 0.5 1.1
Roesmax 0.5 3.0 3.5
Cu Riesmin 0.2 0.2 1.5
Rdes,max 0.8 1.5 35
Pb Reesmn 0.1 0.1 0.1
Reesmax ~ 11.4 8.5 6.0
Zn Roesmin 0.2 0.3 2.0
Riesmax 1.0 2.5 8.0

CF — Charcoal fines, RHA — Rice husk ash, WGS — Waste green sand.
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Figure captions

Figure 1. A) DRIFT spectra of CF, RHA, and WGS; B) XRD patterns of CF, RHA, and WGS.
Q = quartz (PDF 83-0539), Cri = cristobalite (PDF 75-0923), M = montmorillonite 15A (PDF

29-1498). CF — Charcoal fines, RHA — Rice husk ash, WGS — Waste green sand

Figure 2. Sorption isotherms of Cd, Cu, Pb, and Zn. Red lines indicate the Freundlich fitting.

CF — Charcoal fines, RHA — Rice husk ash, WGS — Waste green sand

Figure 3. Relations between desorption yields (Rges) and sorption distribution coefficients

(Kg) for Cd and Zn. CF — Charcoal fines, RHA — Rice husk ash, WGS — Waste green sand
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